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ABSTRACT 


Chromatin from Schneider's Drosophila melanogaster tissue culture 


cells and from mouse L-cells was transcribed in vitro using RNA poly | 
merase purified from E. coli. The experiments were designed to char-_ 
acterize the overall specificity of in vitro transcription, as well 

as the fidelity with which the enzyme selects against régions which - 
are not transcribed in vivo. These fnelude 
anti-strand and satellite sequences. The of. 
transcription was monitored from Drosophila chromatin using a erobe: 
representing @ substantial portion of the sequences transcribed in 
vivo, namely a cDNA copy of poly (A)-containing nuclear RNA. This 


probe was also used to monitor the frequency distribution of sequences 


the fn vitro transcript. The concentration of anti-strand 
sequences in the Drosophila chromatin transcript was monitored using 
labeled nuclear RNA as a probe. The fidelity with which the E. obs 
enzyme selects against satellite sequences was determined using mouse 
L-cell chromatin prepared by several saindiieiain and transcribed under 
several sets of conditions. The transcripts were then assayed’ for the 
presence of satellite sequences using labeled satellite DNA as a probe. 
Taken together, the results showed that E. coli RNA polymerase prefer- 
entially transcribes from regions of chromatin which are transcribed 
in vivo. In addition, sequences which are abundant in vivo are trans- 
cribed more frequently in vitro. However, the enzyme also transcribes 
some enti~strenl and satellite sequences. Changes in the methods for 
chromatin isolation or transcription failed to eliminate this aberrant 


transcription. However, when mouse chromatin was transcribed at lower 
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enzyme to template ratios, satellite transcription represented 
a emailer proportion of the total transcription, suggesting that these 

regions possess weaker initiation siten fee the enzyme than do those 

regions which are transcribed in vivo. Averrint transcription is there- 

fore due at least in part to the high enzyme to template ratios used 

during transcription but’ may also be aus te ‘the loss of some structural 


integrity of chromatin during isolation or to the inability of the 


bacterial enzyme to properly recognize eucaryotic promoters. 
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A, INTRODUCTION 


One problem basic to the molecular biology of eucaryotes concerns 


the mechanism by which cells derived from a common precursor cell become 


determined to different developmental entities and how they achieve the 
controlled and selective expression of their genetic material. From 
various Lines of evidence it appears that the DNA in all somatic cells 
of an organism is the same both in quantity and in the kinds of se- 
quences present. That the quatitity of DNA per nucleus is the same has 
been shown by Mursky and Ris (1951) and Vendreley (1955). That the same 
sequences are present in all cell types is inferred from nuclear trans- 
plantation experiments in Xenopus where the mitis idteninkton for an 
etitire organism could be derived from a Single somatic bail (Gurdon, 
1962), oi ho DNA annealing experiments which failed to detect base 
sequence differences between various tissues (McCarthy and Hoyer, 1964). 
Therefore, in genetic expression different somatic 
cells of an organism do not appear to be a manifestation of tien 
DNA contents and this implies the existence of mechanisms to regulate 
which genes are expressed. 

| The details of ene Tae are not understood, however. It is 
not possible to make straightforward analogies between procaryotic and 
eucaryotic systems because the genome of eucaryotes is distinguished 
from procaryotes in several fundamental ene First, it is up i 
one thousand times larger (as in the case of mice compared to E. coli) 
and therefore several orders of magnitude larger than it need be to code 
for all of the known cnn. Because of this, one might suppose that 


only a small fraction of genome is transcribed. Indeed, it 
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appears from nucleic acid hybridization that this is the case, in 


contrast to the situation in procaryotes where nearly all (80-90% of 


one strand) of the DNA is transcribed (McCarthy and Bolton, 1964; 


‘Yemeli. 1968). A second distinguishing feature of the eucaryotic 
. genome is the presence of reiterated or repetitive sequences. These 
are sequences deich are present in multiple copies, or are Similar 
enough ea" eenatend with each other. Their function is not known, 
however, and their amount per genome varies markedly between various 
sasiiitiii (15% in mice, 15% in Drosophila, 80% in Amphiuma, 45% in 
Xenopus). Because of this, there may be no correlation, as seen in 
procaryotes, between genome size (the total amount of DNA per haploid 
genome equivalent) and genetic complexity (the amount of genomic DNA 
in diverse, non homologous, i.e., unique sequences ). In plant species 
classified as Ranunculaceae, for example, there exists an 80-fold 
variation in DNA content among various species of quite similar pheno— 
type. | 
Karly attempts to sarastacics the nature of genetic regulation 
in eucaryotes were aimed at quantitating and comparing the fraction 
of genes transcribed in various cells and tissues of an organism. 
An excess of cellular RNA was teiAt ned in increasing amounts with 
purified unique sequences of DNA. The fraction of DNA hybridized 
at sehunetten was an inddcabios of the fraction of the genome trans- 
cribed. Such data support the notion that most of the biiciiees 
genome is not transcribed at any given time. For susie, ak of the 
unique ar nape DNA “oa be hybridized with Xenopus oocyte RNA (Davidson 
and Hough, 1971), 12% in newborn mice (Gelderman et al., 1971), 10% in 


mouse brain (Hahn and Laird, 1971; Brown and Church, 1972), and 4-5% in 
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mouse kidney, liver or spleen (Grouse et al., 1972). Although there is. 
partial overlap of sequences, the populations of RNA differ from tissue 
to tissue in mammals (Grouse et al., 1972) and from one developmental 


stage to another for Dictyostelium (Firtel, 1972) and Drosophila (Turner 


and Laird, 1973). It is important to note however, that final satura- 
tion levels cannot be determined precisely, since saturation is approached 
asymtotically as RNA concentration increases. Since there ere theor- 
etical limits to the icnactimen ‘BARA concentration atteinable, it is possible 
that this approach is not sensitive to very rare RNA species, which 
would hybridise only at high RNA concentrations or after very sone 
annealing times. Therefore, these are minimum sehteates ot Oe amount 
of the genome transcribed. 

A more recent approach to this question attempts to avota the 
limitations of unique sequence DNA hybridizations to excess RNA. 
This is accomplished by a at cellu- 
lar RNA as a template for a complementary DNA (cDNA) copy synthesized 


by reverse transcriptase. Hybridizations are then performed between 


the cDNA and an excess of its template. Since, theoretically, all 


of the cDNA can be hybridized, these reactions offer an advantage 
over those employing unique sequence DNA by giving a clear indication 
as to when the reaction reaches completion. The kinetics of the reac- 


tion allow one to determine the number of different sequences present 


in the RNA population (that is, the complexity of the population). 


Using this approach, the complexity of nuclear and messenger RNA 


populations has been analyzed in several systems including HeLa cells 


(Bishop, 1974), mouse, brain, kidney, and L-cells (Ryffel and McCarthy, 


1975), mouse Friend cells (Getz et al., 1975), Schneider's Drosophila 
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t 
cells (Levy W. and McCarthy, 1975; Levy W. et al., 1976), and chick 


oviduct and liver (Axel et al., 1976). In all cases it appears that 
only a fraction of the DNA sequences are represented in nuclear or 


cytoplasmic poly(A)-containing RNA. In addition, this method has 


revealed in all cases examined, that different sequences are repre- 


sented at different frequencies within the same population. This 


conclusion implies the presence of quantitative as well as qualitative 


‘ 


cellular controls. 


The diversity of RNA sequences from one cell type to another in an 


organism therefore contrasts with the invariability of DNA sequences 


and suggests that a fundamental mode of gene regulation is transcrip- 
tiorial. The notion that the proteins of chromatin are responsible-for 
transcriptional regulation in eucaryotes has provided the impetus for 


developing in vitro systems for studying the possible regulatory role of 


_ the chromosomal components and for investigating the molecular inter- 


actions responsible for transcriptional control. Rarly studies of in 
vitro transcription showed that chromatin is a poor substrate for E. 

coli RNA polymerase siaeameis to DNA (Bonner et al., 1968; Cedar and 
Felsenfeld, 1973) and that this snadenneeens is’ due largely to a decrease 


in the number of initiation sites for RNA polymerase on chromatin (Ceder 


and Felsenfeld, 1973). 


Initial attempts to determine the specificity of in vitro trans- 
cription from chromatin used filter hybridization techniques involving 
competition of various RNA populations for hybridization to immobilized 
DNA or hybridization of a sample RNA population to DNA filters pre- 


saturated with a reference RNA population. These techniques are subject 
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to a strict limitation in interpretation because the hybridization } 
conditions (that is, the amount of DNA which could be fixed to the 
filter). allowed the detection only of RNA sequences which hybridize with 
repetitive DNA. Nevertheless, they were a useful means for monitoring 


the specificity of the in vitro product and the results of these studies 


suggested that even with E. coli RNA polymerase, a fair degree of trans- 


criptional specificity occurred in vitro and that this specificity para- 
lleled the in vivo specificity. In several tissues of rat, for example 
(Paul and Gilmour, 1968; Tan and Miyagi, 1970) and rabbit (Paul and 


Gilmour, 1968) template restriction was observed in vitro using E. coli 


RNA polymerase (3-10% of the transcription from naked DNA of’ the same 


source ) and the restriction was tissue specific. No differences could 

be detected by this method between in vivo and in vitro populations of » 

RNA. Smith et al. (1969) showed tissue specific restriction with mouse 
| 


kidney, liver and spleen using either E. coli or mouse polymerases, and 


failed to detect differences between in vivo and in vitro populations. 


Even after salt and urea dissociation and reconstitution, tissue specific 


transcription seemed to occur in vitro (Bekhor et al., 1969; Huang and 


Huang, 1969). 

: A more sensitive approach seeks to characterize the transcript by 
measuring the concentration of a specific RNA base sequence in the in 
vitro transcript. In this approach one monitors the with 
a labeled probe (cDNA) complementary to the sequence of interest. 
Several systems have been examined in this manner including those for 


globin (Paul et al., 1973; Axel et al., 1973; Steggles et al., 1974) in 


2 which it was found that globin-specific sequences were present in 


transcripts from erythropoietic chromatin, but were at least an order 


= 


of magnitude lower in concentration in ehromstiz transcripts from other 
tissues and from naked DNA using E. coli RNA polymerase or eucaryotic 
RNA polymerase; the Sv3T3 system (Astrin, 1973, 1975; Shih et al., 

1975) where the same portion of the early strand was transcribed both in 
vivo and in vitro; the histone system (Stein et al., 1975) in which 
transcripts of Sita © ehame but not Gl phase cells contained histone 
specific sequences; the murine leukemia virus et al., 
1974) in which it was shown that although normal and leukemic mice both 
contained viral sequences in their spleen DNA, viral transcription was 
enhanced in chromatin isolated from leukemi¢ mouse spleens as compared 
‘a chromatin from normal mouse spleens; the immunoglobulin system (Smith 
and Huang, 1976) ia eked kappa chain message transcription ae Wen 
nuclei with endogenous polymerase and chromatin with E. coli polymerade 
was found to be move efficient with nuclei or chromatin from kappa chain 
producing elie than from lambda chain producing cells; oa the oval- 
bumin system (Harris et al., 1976) in which ovalbumin sequences were 
detectable in transcripts of chromatin from estrogen stimulated oviducts, 
but not from unstimulated or. hormone-witharewn oviduct chromatin or ‘ 
elses teenie and to a much lower degree (10% of level in stimulated 
chromatin) from naked DNA. Marzluff and Huang (1975) have also reported 
that 5S and tRNA species could be transcribed in vitro from mouse mye- 
loma chromatin using endogenous RNA polymerase with mpaet strand 
selection and with reinitiation. Therefore it seems from ‘these studies 


that the presence or absence of a particular sequence in both the E. 


_ coli and mammalian enzyme transcripts correlates well with the source of 


the chromatin. 
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Contrasting with these results are the results of other experiments 


designed to assay for the transcription of sequences known to be repressed 


in vivo. These include studies of ribosomal and 5S RNA in Xenopus 


laevis chromatin (Reeder, 1973; Honjo and Reeder, 1974) in which both 


strands as well as spacer regions were transcribed whether E. coli or 


Xenopus polymerases I and II were used. In mouse chromatin, Reeder 


(1973) detected significant levels of satellite DNA transcription 
(about one-tenth the level from naked DNA) using filter hybridizations. 


Similarly, E. coli RNA polymerase or sheep RNA polymerase transcribed 


sequences from the anti strand of the globin gene’in rabbit bone marrow- 


chromatin (Wilson et al., 1975) 


Therefore, despite numerous studies aimed at characterizing in vitro 


transcription of chromatin, there remains some doubt as to the overall 


fidelity of the process. Conclusions drawn from filter hybridization 


experiments apply only to the transcription from repetitive DNA sequences. 
The experiments with specific probes suffer from the limitation that they 


leave the greater portion of the transcript uncharacterized. The experi- 


ments which examine aberrant transcription leave open the possibility 


that variations in the method of chromatin preparation or variations 


in the conditions of transcription would influence the fidelity with 
which E. coli RNA polymerase transcribes. The present work was under- 
taken in an attempt to resolve some of these questions. Using chromatin 


from Drosophila melanogaster tissue culture cells and E. coli RNA 


polymerase, I have asked to what extent the overall specificity of 
transcription is retained in vitro with respect to 1) the kinds of 
sequences which are transcribed, and 2) the frequency with which these 


sequences are represented in the transcript. For this, a general probe 


( 
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was azed, namely a cDNA copy of poly (A)-containing nuclear RNA. This. 
probe represents a substantial portion (80-90%) of the sequence types 
present in vivo. I have also asked to what extent various chromatin 
tectetten procedures and transcription conditions affect the level of 
aberrant transcription. For these experiments, L-cell chromatin was 
transcribed and the transcript was azsayed for the presence of satellite 
sequences, which are not present in in vivo RNA. | 


The Drosophila system offers numerous advantages for biochemical 


studies. It is one’ of the most extensively studied eucaryotic systems 
and offers the investigator the chance to draw on the studies from 
diverse disciplines, including genetics (Lindsley and Grell, 1972) 

_ cytology and cytogenetics (Pardue et al., 1970). One of the greatest 
advantage for hybridization studies of the sort attempted here is the 


size of its genome, about 10°* 


daltons (Rasch et al., 1971; Laird, 1971) 

making it the smallest known metazoan genome (Shapiro, 1970) of which 
75% is unique (ueConauses et al., 1969 ; Wu et al., 1972). Therefore the 
hybridization reactions can be completed a much lower Cot values . It 
has also been the subject of studies on the nmehiatites of the eucary- 
otic chromosome (Peacock et al., 1973; Laird sb alo. 1973; Rudkin and 
Tartof, 1973), weudtan which will undoubtedly lead to insights into gene 
regulation and serve as a complement to biochemical studies on RNA 
populations. 

A further advantage which facilitates is the 


presence of several lines of Drosophila cells (Kakpakov et al., 1969; 


Echalier et al., 1970; Schneider, 1972; Schneider and Blumenthal, 1976). 


Manipulation of cells in culture is much easier than with the whole 


organism and more detailed biochemical questions can be phrased. Schneider's 
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Drosophila melanogaster line 2 cells were used for these experiments, — 


because of the data available concerning nuclear and cytoplasmic RNA 
populations and the relationship between the two. Earlier studies 
showed that, as with larvae, pupae and adult flies, a large fraction of |. 
the cellular DNA is transcribed in tissue culture, about 25% of unique. 


sequence DNA (Turner and Laird, 1973; McCarthy et al., 1973). These 


findings have been extended using cDNA copies of poly (A)-containing 


nuclear RNA populations (Levy W. et al., 1976), and allow the deter- 
mination of the number of different sequences in the RNA as well as the 
relative abundances of these sequences. Such studies confirm earlier 
findings regerdine the fraction of the genome transcribed and show that 
the majority of this transcription (more than 80%) is accounted for by | 
nuclear poly(A)-containing species. This nuclear population is a complex 
one in that some sequences in the population occur much more frequently 
than do others. We therefore nein highly characterized probe for the 
overall specificity of in vitro transcription from chromatin isolated 
from these cells, namely the cDNA complementary to poly (A)-containing 
nuclear RNA. Because the nuclear RNA population contains a broad fre- 
quency distribution of sequences , it was possible to frantionste the 
cDNA by partial annealing to nuclear RNA so as to obtain probes enriched ~ 
for frequent or rare nuclear RNA sequences. These probes provide an 
additional tool for monitoring in vitro transcription allowing com- 
parison of the frequency distribution in vivo and in vitro RNA pop- 
ulations. | 

Chrcuatén from mouse tnceite was used to examine aberrant trans- 


cription. These studies are intended to serve as a complement to the 


studies with Drosophila cell chromatin in that in the latter I probe for 
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sequences which should be transcribed an hein T probe for sequences 
which ad repressed. Mouse satellite DNA comprises about 10% of 
the genome and reassociates so rapidly following thermal denaturation 
that Waring and Britten (1966) estimated that it must consist of about 
10° repeats of a sequence about 350 bp long. Flamm et al. (1969) have 


shown that satellite sequences are repressed in vivo to less than one 


- part in 60,000 of the total cellular RNA. The unusual base composition 


of these sequences relative to bulk DNA and the slight enrichment of 


purines in one strand makes it possible to isolate satellite DNA on 


density gradients and separate the two DNA strands (Lieberman, 1973; 


Flamm et al., 1969). Mouse satellite DNA therefore provides a con- 


venient probe for transcriptionally inactive chromatin. 
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B. MATERIALS AND METHODS 


1. Celis 
Schneider's line 2 cells, a line derived from early embryos of 


Drosophila melanogaster (Schneider, 1972) were grown at 25°C in roller 


bottles, plastic Falcon flasks, or suspension culture, using Schneider's ee 
tissue culture (Pacific Co.) supplemented with 

mg/ml bactopeptone, 15% heat inactivated fetal calf serum, streptomycin | 

(100 ug/ml), pénicillin (100 nystatin (50 units/ml). 

torte aceiins in roller bottles and Falcon flasks were transferred every 

2-3 days by shaking the cells from the surface and diluting with fresh 

medium. Cells growing in suspension were transferred every 4 days. 


cells/ml.” dohbling 


Cells grew lowerithat ally from 10° cells/ml to 10 
once a day. For eee. cells from mid to late log phase growth 
were used. 

L-cells (line A9) were sii ie suspension at 37°C in Joklik's 
modified patiideas medium containing 5% calf serum and 100 units/ml each 
of penieiilia and streptomycin. Cells were diluted with fresh medium 


every 2 days and grow logarithmically from 2-8 x 10° 


cells/ml doubling 
once a day. For experiments, cells from mid to late log phase growth 
were used. | 
2. Enzymes 

a. DNA dependent RNA polymerase was prepared from E. coli K12 grown in 
high peptone medium in a fermentator to late log phase eet. The 
purl fication procedure was that of Burgess (1969) except that the final 


glycerol gradient step was omitted. For a typical sia ai about 
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250 g of cells were atnie from 9 liters of high density culture, and 
lysed by shearing in a French pressure cell. The cell extract was 
treated with DNase I ina ammonium sulfate as described and applied to a / 
DEAE-cellulose column. The fractions containing enzyme activity were 
dialysis the enzyme solution (24 ml) was layered onto 6 SW27 gradients, 
and centrifuged 24 hr at 25K at 1.5m were collected and 
assayed for O.D. 280 and activity. The fractions containing enzyme 
activity were pooled, precipitated with ammonium sulfate and resuspended 
in stiveee buffer at a senabnceetcion of 5 mg/m as determined by O.D. 
“260, sesunling an extinction coefficient of ate = 6.5. The enzyme was 
stored at -20°C. Enzyme activity assayed on high uoipeuban weight calf 
thymus DNA, was about 300 units/mg. This is approximately half of the 
activity reported by Burgess (1969). The enzyme was about 50% pure, 
as judged be SDS gel gisbtpusiivesio. Since no nuclease or protease 
activity was detected in the enzyme preparation, it was assumed that 
this contaminant did not influence the transcription results. 
S1 was purchased from or prepared by the 
method of Sutton (1971). 
Ce AMV reverse transcriptase was provided by Dr W.J. Rutter and Dr. J. 
“Beard (Life Sciences, Fla) through the courtesy of 
Dr. M.A. Chirigos of NIH. 
d. Pancreatic RNase (Sigma) was’ resuspended in H,0 at 2 mg/ml and 


‘boiled 10 min to destroy residual DNase activity, and stored at -20°C. ~ 


e. DNase I (Sigma, from bovine pancreas, RNase free) was resuspended at 


1 mg/ml in 10 mM Tris, pH 7.5, 5 mM MgCl, and stored at -20°C in 0.5 ml 


aliquots. 
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3. Chromatin Preparation 


For a typical preparation, 1 liter of mid to late log phase Droso- 
phila cells were collected by centri tuestion at 1500xg for 10 min. All 
further manipulations were done at 0-h°C. Cells were then washed once 
with phosphate buffered vestes (PBS) (0.14 M Nacl, 3 mM KCl, 9.5 mM 
Na,HPO,, 1.5 mM KH,,PO,,) and disrupted by homogenization with a tight 
fitting pestle in a Dounce homogenizer (20 strokes) in 75 ml 0.3 M 
sucrose, 2 mM Mg acetate, 3 mM CaCl, 10 nM Tris-HCl, pH 8.0; 0.5 nM 
dithiothreitol was added and the homogenate layered over a cushion of 10 
ml of the 2 M sucrose, 5 mM MgAcetate, 10 mM Tris, pH 8, 0.5 mM dithio- 
threitol. After carefully stirring the interphase, —_s col- 
lected ey centréfembion in a Beckman SW27 rotor at 15,000 rpm for 45 

min at 4°C. The nuclear-pellet was washed once in 10 mM Tris-HCl, pH 8.0 
and ——oe at 1000xg for 10 min. The — to be free of 
as judged by phase contrast microscopy. Nuclei 
were taken up in 3-5 ml of 10 mM Tris-HCl, pH 8.0 and disrupted by 

. passing through a French pressure cell at 1000 psi. The supernatant 
after another centrifugation at 1000xg for 10 min in a Sorvall NB4 rotor 
was used within 2 hr as "chromatin" in the in vitro transcription 
experiments. One liter of cells usually yielded 1-2 mg chromatin as 

judged by 0.D. 260. 

Chromatin from L-cells was cvepares as described above, or prepared 
by the procedure of Bonner et al. (1968) except that chromatin was not 
pelleted through sucrose. For a typical preparation, 1 liter of mid to 


9 


late log phase L-cells (5x10°-10 cells) were collected by centrifu- 


gation at 1500xg for 10 min. This procedure differs from the former 


in that nuclei are not exposed to Ca andMg _ cations which are 
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known to be necessary for the activation of the endogenous endonuclease 
present in nuclei (Hewish and Burgoyne, 1973). All further manipula- 
tions were done at 0-4°C. Cells were washed several times with saline- 


EDTA, pH 8 (0.075 M NaCl, 0.024 M EDTA, 10 mM Tris, pH 8) and disrupted 


by homogenization with a loose fitting pestle in a Dounce homogenizer 


(15 strokes) in 10 ml saline-EDTA containing 0.5% NP4O (Shell Oil Co.). 
The total AT eR time in NP4O was kept to 4-5 min. Nuclei were spun 
out and washed severed times in saline-EDTA.— Nuclei were lysed by an 
abrupt decrease in compiarite. that is, by homogenizing in a loose 
fitting Dounce homogenizer with 10 mM Tris, pH 8 and pelleting chromatin — 
at 8000 rpm in HB4 rotor. For solubilization, chromatin was resuspended 
in 3 ml 10 m™ Tris, pH 8 and passed through a French pressure cell at 
3000 psi. It was then spun at 10K for 10 min in an HB4 rotor and the 
pellet was discarded. The supernatant which usually contained 1-2 mg of 


chromatin (as judged by 0.D. 260) was then used within 2) hr for trans- 


cription experiments. 


4. Reconstitution of Chromatin 


Chromatin was reconstituted following the method of Kleiman and 
Huang (1972). In a typical preparation, 2 me of chromatin in about 2 ml 
10 mM Tris, pH 8 was dissociated by dialyzing overnight against 100 
volumes of 5 M urea, 2 M NaCl, 10 nM Tris, pH 8. Reconstitution was 


accomplished by stepwise reduction of the NaCl concentration to 0.1 M 


followed by dialysis into 10 mM Tris, pH 8 as follows: 6 hr dialysis 


against 100 volumes 0.6 M NaCl, 5°M urea, 10 mM Tris, pH 8; 6 hr dialysis 
against 100 volumes 0.1 M NaCl 5 M urea, 10 m Tris, pH 8; overnight 


dialysis against 1000 volumes 10 mM Tris, pH 8; followed by two 


additional dialyses of 2 hr each against 500 volumes 10 mM Tris, pH 8. 


>. Sizing of the DNA in Chromatin 

| The size distribution of the DNA in chromatin was determined on a 
0.9% agarose gel using 0.09 M Tris, 2.5 mM EDTA, 0.09 M boric acid 
buffer. After electrophoresis the gel was stained with ethidium bro- 
mide, chotosrephed and the negative was scanned in a Beckman spectro- 


photometer. 


6. Preparation ae DNA for Transcription 

Chromatin in 10 mM Tris, pH 8 was made 0.5% in SDS and 0.1 M in 
NaCl. It was then extracted once with phenol ;chloroform (1:1) equili- 
brated in 10 mM Tris, pH 8, 0.1 M NaCl and several times with chloroform 
+ 4% isoamyl alcohol. The aqueous phase was then ethanol precipitated 
and the precipitate was resuspended in 0.1xSSC (1xSSC = 0.15 M Nacl, 
0.015 M NaCitrate). Pancreatic RNase was added to a final concentration 


of 10 ug/ml and the solution was incubated at 37°C for 30 min. 0.5% SDS. 


; was added and the nucleic acids were re-extracted and ethanol preci- 


pitated. The precipitate was resuspended in 10 mM Tris, pH 8 and 
dialyzed against 100 volumes of the same buffer for several hours and 
then 100 volumes of fresh buffer for several more hours. The DNA in the 


final solution was used for transcription or stored at -20°C. 


7. Preparation of Mercurated Uridine Triphosphate (Hg-UTP ) 


Mercurated UTP was synthesized following the procedure of Dale et 


al. (1975). A solution of 20 mM UTP in 0.1 M sodium acetate, pH 6 was 


incubated at 50°C with the same volume of freshly prepared 0.1 M mercuric 


acetate in the same buffer. Most of the unreacted mercury ions were 


removed by passing the reaction mixture over a Sephadex G-10 column 


equilibrated in 0.1 M NaAc, pH 6 and the mercurated UTP was further 


purified by affinity chromatography on DEAE-cellulose (Whatman DE 52). 


| | 
| 
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The compound ‘iis batch-eluted with 0.5 M triethylammoniumhydrocarbonate, 
pH 8, evaporated to dryness and washed three times with methanol. It 
was suspended at a concentration of 1-4 mg/ml in 10 mM Tris-HCl, pH 7.4 
and stored at ~20°C. The compound was then subjected to spectral and 
chromatographic analysis (detailed in Results section). | 


8. Transcription 


This and all subsequent procedures involving RNA were performed 
with sterile buffers and with glassware which had been heated at least 2 
hr at 180°C to destroy RNase. Drosophila or mouse chromatin and DNA 


were transcribed in vitro using essentially the incubation procedure 


described by Astrin (1975). The 5 ml reaction mixture contained 150 mM 


KCl, 40 mM Tris-HCl, pH 8, 0.1 mM dithiothreitol, 5 mM MgCl,, 1 m™ 


‘MnCl, 4 mM of each ATP, GIP, CTP (Sigma), 1 mM HgUTP, 20 mM 2-mercap- 


toethanol and 0.5 mg/ml chromatin or DNA as template and 0.8 mg of E. 
coli RNA polymerase per mg template purified according to Burgess (1969 ) 


through the first glycerol gradient. In experiments in which the 


transcript was to be labeled, the CTP concentration was lowered to 1 m™ 


and 30-100 wCi 3y-cTP (23 Ci/mmole, Schwarz/Mann) were added per m1 
reaction mixture. After } hr incubation at room temperature the solution 
was made 0.5% in SDS and 10 mM in EDTA and extracted as described below. 


L-cell chromatin was also transcribed in vitro using the method of 


Axel et al. (1973). A 2.5 ml reaction mixture contained 0.75-1 mg 


chromatin or DNA, 1 mg E. coli RNA polymerase, 10 mM Tris-HCl, pH 8, 1 
mM MnCl, 0.08 mM each of ATP, GTP, CTP and UTP. Synthesis continued at 


37°C for 45 min and was terminated by the addition of 0.5% SDS and 10 mM 


EDTA. RNA was extracted as described below. 
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9. Purification of In Vitro Synthesized RNA 


RNA was extracted as described by Palmiter (1974). One volume of 
water saturated phenol was added'to the transcription mixture (which had 


been made 0.5% in SDS and 10 mM in EDTA) and the mixture was vortexed. 


Phases were separated by brief centrifugation (1 min, 15,000xg) and 


the lower phase was removed. The aqueous phase and the ‘interphase were 
re-extracted 2-3 times with chloroform + 4% isoamyl alcohol, brought to 


O.1 M NaCl (in the case.of RNA transcribed under low salt conditions ) 


and precipitated with 2 volumes of ethanol overnight at -20°C. 


In the case of transcripts prepared in the absence of He-UTP, the 
precipitated nucleic acids were resuspended in 10 mM Tris, pH 7.4, 0.1 M 
NaCl, 5 mM MgCl, and freed of template by treatment with 40 yg/ml DNase 


I for 1 hr at 37°C. The mixture was re-extracted as before, precipi- 


tated wtih ethanol and subjected to a second cycle of DNase I treatment. 


Such treatment was sufficient to degrade greater than 99% of the DNA to 
acid solubility. The mixture was again extracted and ethanol precipi- 
tated. The precipitated nucleic acids were then freed of residual 
triphosphates and monophoshpates by filtration over a Sephadex 6-50 
column equilibrated in sterile H.O. The RNA sample was resuspended 


in 200 wl sterile H,0 and passed over a 5 ml G-50 column and 1 ml frac- 


tions were collected. 

In the case of aeiaiaiihia: ieeaiinait in the presence of Hg-UTP, the 
precipitated nucleic acids were dissolved in 1-2 ml of water and ames 1x 
TNE (10 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1 mM EDTA). Triphosphates 


were removed from the higher molecular weight material by chromatography 


on a 50 ml Sephadex G-50 equilibrated in sterile TNE. The material in 


J 
| 
\ 


Drosophila cells, 25 ug/ml polyvinyl sulfate and 10° 
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the excluded volume was collected and precipitated again with 2 volumes 


of ethanol. After dissolving the precipitate in 1 ml TNE the in vitro 
synthesized RNA, contabatan Hg-UTP, was separated from DNA and endo- 
genous RNA by affinity chromatography on sulfhydryl-Sepharose 6B. This 
resin was prepared accoréins to Cuatrecasas (1970) and equilibrated in 
TNE. After incubating for 30 min on a 5 ml colum the unbound material’ 
and the resin washed extensively with 


TNE until no more nucleic ‘acid could be removed. The bound RNA was 


was passed over the column again 


eluted with TNE containing 0.1 M 2-mercaptoethanol and precipitated with 
2 volumes of ethanol at -20°C. ‘Non-specific binding of non-mercurated 
3H-labeled RNA to the column was negligible (Table I). 


10. Sizing of In Vitro Synthesized RNA on Sucrose Gradients 


In vitro synthesized RNA was sized on 15-30% sucrose gradients in 
Swh1 site. RNase free sucrose (Schwarz/Mann) was used and buffered 
with 10 mM Tris, pH 7.4, 0.1 M NaCl, 1 mM EDTA, 0.5% SDS. Gradients 
were run 15 hr at 25K at 24°C. 0.5 m1 fractions were collected and 
assayed for TCA precipitable radioactivity. 


11. Preparation of Cellular RNA's 


Nuclear and cytoplasmic RNA were orarared as described elsewhere 
(Levy W. and McCarthy, 1975, 1976; Getz a, ahs 1975). Fora typical 
preparation, 1 liter of — cells or L-cells was collected ~ 
centrifugation at 1500xg for 10 min. All subsequent steps until the 
phenol extractions ‘inn done at 0-4°C. The cells were washed several 
times in 10 mM Tris, pH 7.5, 10 mM NaCl, 3 mM MgCl, (RSB buffer ) and 
then resuspended in ho ml RSB containing 1% diethylpyrocarbonate. For 
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M spermine was 
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RNA was extracted by adding to each aqueous phase 1 volume phenol- 


also added. NP4O was added to 0.5% and the cells were lysed by 
homogenizing in a Dounce homogenizer. Nuclei were pelleted by centri- 


fugation at 4000 rpm for 5 min in Sorvall HB4 rotor. The cytoplasmic 


supernatant was made 0.1 M in NaCl, 0.01 M in EDTA and 0.5% in sodium 


dodecyl sulfate, and extracted as described below. The nuclear pellet 
was washed several times in RSB and then resuspended in 40 ml 0.1 M 


NaCl, 10 mM Tris, pH 7.4, 10 mM EDTA, 0.5% SDS. Nuclear or cytoplasmic 


chloroform equilibrated in 10 mM Tris, pH 7.4, 10 m™ NaCl, 10 mM EDTA 
and shaking for 10 min at room temperature. The phases were separated 
by 10 min centrifugation at 6K in a Beckman JS 7.5 rotor. The inter- 


phase and aqueous phase was re-extracted several times by adding 1 


_ volume chloroform containing 4% isoamyl alcohol. The aqueous phase was 


removed and precipitated with 2 volumes of ethanol. The precipitated 
nucleic acids vere recovered by centri fugstion at 6K for 60 min at -10°C 
in a Beckman JS 7.5 rotor. in a case of nuclear RNA, the precipitate 
was freed of DNA by treating with 50 ye /m DNase I in 10 mM Tris, pH 
Teh, O.1 M Nacl, 5 mM MgC1,, for 2 min at room temperature while vor- 
texing, followed by 20 min at 37°C. SDS was added to 0.5% and the 


mixture was extracted as before and precipitated in ethanol. The RNA was 


recovered by centrifugation, resuspended in 10 mM Tris, pH 7.4, 10 mM 


-NaCl, 1 mM EDTA, 0.5% SDS and passed over a Sephadex G-100 column 


equilibrated in the same. The material eluting in the void volume was 


pooled and precipitated in ETOH. This designated total nuclear RNA. 


Total cellular RNA from L-cells was prepared by collecting cells by 
centrifugation, lysing them in 10 mM Tris, pH 7.4, 10 mM NaCl, 10 m™ 


EDTA, 1% diethylpyrocarbonate, and 0.5% SDS and following the extraction 
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12. Preparation of Cellular DNA for Hybridization 


UMI 


4, 


procedure given for nuclear RNA. 
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Nuclei were prepared as described for chromatin preparation and 
resuspended in 10 mM Tris, pH 7.5, 1xSSC (1xSSC = 0.15 M NaCl, 0.015 M 
NaCitrate) + 0.5% SDS. DNA was extracted by adding 1 volume phenol- 
chloroform equilibrated im’10 mM Tris, pH 7.5, 1xSSC, shaking at room 
temperature for 15 min. The phases were separated by centrifugation and — 
then the wien and aqueous stent were re-extracted several times 
with phenol-chloroform-isoamyl alcohol (1:1:0.04). The DNA was preci- 
pitated with ethanol spooled out, resuspended in 0.1 M NaAc, pH 4.2 and 
depurinated at 37°C for 30 min. “the pH was then brought to greater than 
13 by adding NaOH and the mixture was hydrolyzed at 50°C for 20 min. The 
mixture was neutralized with HCL and ethanol precipitated. The preci- 
pitate was recovered by centrifuaation, resuspended in H.O, and dialyzed 


against several hundred volumes HO, with several changes of H,0, 


i3. Pronsration of Radioactive Probes for Hybridizations | 

a. Mouse satellite DNA was donated by Dr. Gerhart Ryffel and was prepared 
as described (Ryffel et al., 1975). 

b. cDNA's to poly(A)-containing nuclear RNA was prepared as described 
(Levy W. and McCarthy, 1975) and was donated by Dr. Beatriz Levy W. For 
fractionated cDNA, aliquots of cDNA were annealed to nuclear RNA to a 

Rit of 12 M sec and the double stranded cDNA fraction (representing © 
frequent sequences) was separated from the single stranded cDNA fraction 


(representing infrequent sequences ) by adsorption chromatography on 


hydroxylapatite as described (Levy W. and McCarthy, 1975). 


c. Nuclear RNA from mid log phase Drosophila cells was prepared by 


concentrating the cells 10-fold into fresh medium and labeling 20 min 


with 10 uCi/ml SH-uridine (28 Ci/mmole; Schwarz/Mann). RNA was then 
extracted as described above for total nuclear RNA. 


14. Hybridizations 


Hybridizations of the in vitro transcripts with the total, or frac- 
tionated cDNA probe made nuclear RNA were carries 
out in 0.24 M equimolar phosphate buffer containing 1 mM EDTA and 0.01% 
SDS. 500 to 1000 cpm of cDNA and the RNA or DNA were sealed in 5 ul 
capillaries, boiled for 10 min and incubated at 70°C for the desired 
periods of time. Hybridizations of L-cell tuansertets with satellite 
heavy strand DNA were carried out in 0.3 M NaCl, 10 nM Tris, pH Th with 
about 500 cpm of heavy strand (2x10? cpm/ug). A small amount (20 ug/ml) 
of calf thymus or bacterial DNA was added as carrier. Chromatin trans- 
cripts were present in at least 1000-fold excess over satellite bei 
strand were present in at least 100-fold excess over 
satellite DNA. Reaction volumes were either 0.5 ml in sealed tubes or 
50 ul in sealed capillaries. Samples were boiled for’ 10 min and incubated 
at 60°C for various sinatie at time. At the end of the incubation the © 
samples were cooled on ice, diluted into 4 ml 0.3 M NaCl, 3 m™ ZnCl, 30 
mM NaAc, pH 4.5, and challenged with Sl nuclease as described by Leong 
et al. (1972). The extent of hydrolysis. of single or double stranded 
DNA at 5 ug/ml in 2 hr in the presence of various levels of Sl is shown | 
in Figure he Backeround levels of digestion of 10-20% were routinely 
obtained when Sl was used at 600-1000 units/ml and when DNA concentra- 
tions were greater than or equal to 5 ug/ml. This level was subtracted 
from the experimental points. 


Hybridizations of unlabeled in vitro transcribed RNA with labeled 


total nuclear RNA were performed in 6xSSC, 45% formamide at 50°C as 
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Figure 1. Kinetics of digestion of single and double stranded 34-thymidine 
labeled DNA (5 ug/ml) with various amounts of Sl nuclease. | 
(0---0): single stranded DNA + 100 units/ml S1 nuclease 
(0—0): single stranded DNA + 10 units/ml Sl nuclease 
(X---X): single stranaea DNA + 1000 units/ml $1 nuclease 
(@---@): double stranded DNA + 10 units/ml Sl nuclease 
(@—): double stranded DNA + 100 units/ml $1 nuclease 


~ 


(X——X): double stranded DNA + 1000 units/ml Sl nuclease 
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described (Obinata et al., 1975) except that 0.01% SDS was added. After 
the desired incubation time the samples were diluted into 1 ml 2xSSC and 
incubated with 5 ug/ml pancreatic RNase for 30 min at 37°C. TCA preci- 
pitable material was collected on glass fiber filters (Whatman, GF/C) 
and washed with cold 5% TCA + 10 m™ sotius pyrophosphate and ethanol. 
Filters were counted in Omnifluor (New England Nuclear ) solution in a 


Beckman liquid scintillation spectrometer. 
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C. RESULTS 


I.. Analysis of L-Cell Chromatin Transcription under Low Salt Conditions © 


A. Preparation of Chromatin- 


Chromatin was prepared for these experiments following the method 
of Bonner et al. (1968). For solubilization, chromatin was sheared at 


3000 psi in a French pressure cell, a treatment which produces fragments 


of chromatin containing DNA of double stranded molecular weight up to 


about 3x10° daltons, or about 5000 base pairs (McCarthy et al., 1973). 


Under the conditions of the preparation, nuclei were never exposed to 


- divalent cations and chromatin was never exposed to ionic strengths 


higher than 10 mM Tris, pH 8. Such conditions tend to minimize protein 


sliding or rearrangement. Chromatin was reconstituted following the 


procedure of Kleiman and Huang (1972) as described in Materials and 


Methods. High pH (pH 8) was used to enhance chromatin solubility, since 


' these authors report that solubility is poor in 0.2 M NaCl when the pH 


is less than 7.5. I omitted the use of NaHSO,, reported to inhibit 


_ histone proteases (Kleiman and Huang, 1972), since no histone degra- 


dation was observed on polyacrylamide gels for mouse L-cell histones 
under the conditions of reconstitution (data not shown). During re- 
constitution. histones reassociate with DNA as the salt concentration is 
reduced to 0.1 M in the presence of 5 M urea. Most of the non-histone 
proteins return during dialysis from 0.1 M NaCl, 5 M urea, to dilute 
buffer (10 mM Tris, pH 8) (Chae, 1975). 


B. Transcription of Chromatin 


Chromatin was transcribed under conditions described by Axel et al. 


(1975) which attempt to minimize perturbations of the system by using 
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low ionic strength (10 mM Tris-Cl, pH 7.9, 1 m™ MnC1,). The experiments 
shown in Figures 2 and 3 characterize this transcription system. For 
these experiments, a small amount of 34-CTP (5 uCi/ml) was added to 
monitor transcription. Figure 2 shows the amount of RNA synthesized 
from chromatin at cnreted enzyme/templete ratios. Maximal synthesis was 
obtained amg enzyme/mg template ratio of about 1 so this level of 
enzyme was chosen for cchaboueet experiments. This level is comparable 
to levels used dthes (Astrin, 1975; Axel et al., 1975). 
Figure 3 shows the kinetics of transcription using this level of enzyme. 
Synthesis continued for about 4S min end produced about 60 ug RNA per mg 
template chromatin. | 


C. Isolation of Transcripts 


After synthesis for 45 aia. the transcript was isolated as des- 
cribed in Materials and Methods, using two cycles of DNase I treatment 
in order to free the RNA from DNA. To demonstrate the absence of con- 
taminstine DNA in the RNA, a portion of the transcript was brought to pH 
>13 with NaOH (final NaOH concentration, 0.3 M), and boiled for 10 min. 
The samples is tm neutralized with HCl and adjusted to the proper © 
salt and buffer conditions for hybridization. | 

Since an endogenous RNA component whose amount 
varies Ses wabieeahen to preparation, it was necessary to determine 
the content of endogenous RNA in the chromatin undergoing transcription 
and make the appropriate corrections for the ‘iii of transcript syn- 
thesized in vitro by E. coli RNA polymerase. A sample of chromatin 
without added enzyme was incubated and extracted to garaitad eith a 
sample of chromatin with added enzyme. In most preparations, 1 mg of 


chromatin transcribed in vitro yielded 60 ug of RNA after isolation, of 
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Figure 2. In vitro transcription of mouse L-cell chromatin with increas- 


ing amounts of E. coli RNA polymerase. After 30 minutes of incubation, 


the reaction mixture containing 34-UTP was TCA precipitated and the radio- 


activity was determined. 
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Figure 3. Kinetics of in vitro transcription from L-cell chromatin. 
3 


The reaction ‘mixture contained H-UTP (5 uCi/ml) in addition to the 
usual reactants (see Materials and Methods ) . TCA precipitable counts 
incorporated were determined at various times after addition of RNA 


polymerase. 
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which 30 ug were present endogenously. For such a situation, the Ct 
curves needed to be corrected by a factor of 2. Since satellite sequences 
are absence from in vivo RNA (Flamm et al., 1969), it was not necessary 
to consider correction of the data for endogenous RNA which would hybri- 
dize with the satellite DNA probe. ) 

Endogenous RNA and total L-cell RNA were purified and used as controls 
for the in vitro transcriptions. 


D. Hybridizations 


Hybridizations between L-cell satellite DNA ent various RNA pre- 
parations were performed as described in Materials and Methods and the 
percent hybrid was determined by dheeekten with Sl nuclease. Figure 4 
shows the hybridization nies between satellite heavy strand and a 
100-fola excess of total L-cell DNA or DNA transcript. Taking the level 
of satellite sequences in DNA to be 10% and allowing for the finding 
that DNA-DNA reactions proceed with 2-fold faster kinetics than do DNA- 
RNA reactions (Melli et al., 1971) the level of satellite sequences’ La 


the DNA transcript is also about 10%, indicating random transcription by 


E. coli RNA polymerase with respect to satellite. This is consistent 


with the results of Maio and Kurmit (1974). Also shown in Figure 4 

are hybridization curves for endogenous RNA and total L-cell RNA. From 
the saturation values obtained, and taking the excess of RNA to probe 

to be 1000, we calculate that satellite sequences comprise less than one 
part in 104 in the endogenous RNA and less than one part in 10? in total | 


L-cell RNA. 


Figure 5 shows the hybridization kinetics between satellite H- 


strand and a 1000-fold excess of chromatin transcript or reconstituted 


chromatin transcript. The DNA transcript curve is included as comparison. 
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Figure 4. Hybridization kinetics of 7H-thymidine labeled satellite heavy 


strand (ordinate) with total L-cell DNA (X——X), DNA transcript (A---A), 


endogenous RNA (@—#®) and total L-cell RNA ( q—g ). 
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Figure 5. Hybridization kinetics of 7y-thymidine labeled satellite heavy 
strand (ordinate) with chromatin transcript (A---A), reconstituted chro- 


tin transcript (@ ---@ ), alkali treated DNA transcript (X---X), 


alkali treated chromatin transcript (@ --- @), alkali treated reconsti- _ 


tuted chromatin transcript (@---@). Reference curve from Fig. 8 for DNA 
transcript hybridization kinetics is also included (---). 
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The kinetics with which the chromatin transcript hybridizes are about yo 
fold slower than those of the DNA transeript, indicating that satellite 
Sequences are preferentially repressed in chromatin. However , a signi- 
ficant level of expression, about 2%, is still observed. Reconstituted 
chromatin transcript hybridizes with Similar kinetics as does that from 
native chromatin, indicating that the dissociation and reassociation 
process has not affected the degree to which satellite sequences inte 
expressed. Also included in Figure 5 are curves obtained after treat- 
ment of the transcripts with alkali. This treatment abolishes all 
hybridization indicating that the transcripts were free of DNA. 


II.. Transcription of Chromatin in the Presence of Hg-UTP 


A. Discussion of Problem of endogenous RNA. 


In all chromatin preparations there is a variable amount of a 
rather undefined population of RNA molecules termed endogenous RNA, 
consisting of of residual in vivo When one is moni- 
toring in vitro transcription by assaying for the presence of sequences 
which are not transcribed in vivo, as was done above, it is possible to 
deal with the problem simply by determining the endogenous RNA content 
in the chromatin and making the appropriate corrections in the hybri- 

: dization kinetics. However, in the experiments discussed below, I wished 
to yy for sequences which are transcribed in vivo. In such a case, 
the presence of endogenous RNA in the in vitro transcript prevarsticn 
will obscure the hybridization kinetics and make interpretations aiffi- 
cult. Therefore, in the following experiments, a mercurated precursor, 


D-mercuriuridine triphosphate (He-UTP ) was incorporated into the in 


vitro transcript, making it possible to purify the transcript from 


endogenous RNA. In the same way, template DNA is removed, eliminating 
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the need to digest the transcript with DNase I. 
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B. of 5-Mercuriuridine Triphosphate (Hg-UTP) 

: Dale and Ward (1975) have reported that pyrimidine derivatives 

are quantitatively mercurated in 3 hours at 50°C in buffered solutions 
of NaAc containing mercuric acetate. The reaction proceeds via electro- 
philic substitution in which mercury displaces 6 proton at the C-5 
position (R-H + HeX,, + RHgeX + HX). Reactions performed in this manner | 
were chilled on ice and passed over a Sephadex G-10 column to remove 
unreacted mercury. Figure 6 shows a typical elution profile from a 

100 ml column of a 20 ml reaction mixture containing 100 mg UTP. Hg-UTP 
was monitored by D565 and the presence of free mercury ions was moni- 


tored by adding a few drops of 2 M NaOH to a small aliquot of the eluate. 


The formation of a yellowish precipitate (mercuric oxide) indicated the 


presence of Hg ions. The fractions containing Hg-UTP were pooled and 


diluted 5-fold with water. Further removal of unreacted mercury ions 


was accomplished by chromatography on a DEAE-cellulose column equilibrated ~ 


in 0.01 M triethylaminebicarbonate (TEA-HCO,). The material which did 


not wash off the column was batch eluted with 0.5 M TEA-HCO,. This material 
was flash evaporated twice with methanol, evaporating each time. The 
Hg-UTP was finally resuspended in 10 mM Tris, pH 7.5 at about 5 mg/ml. | 

The sited product wan characterised by its spectral properties 
and by thin layer hrcmebearasiey on polyethyleneimine cellulose (Brinkman 
Instruments). The of mercurated pyrimidine 
occur at longer wavelengths (by 5 nm) than the parent compounds, and 
in the case of Hg-U compourids, the entire spectrum is red shifted (Dale 
and Ward, 1975). Figure 7 shows spectra of 50 ug/ml solutions of UTP 
and the mercurated product, and demonstrates that mercuration has occurred. 


Chromatography on polyethyleneimine cellulose with increasing 
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Figure 6. Sephadex G-10 elution profile of Hg-UTP. 100 mg Hg-UTP in 


20 ml 0.1 M He(Ac),, 0.1 M Nadc, pi 6.0, was passed over a 100 ml G-10 
column equilibrated in 0.1 M NaAc, pH 6.0. Hg-UTP was monitored by 
D566 and the presence of Hg ions was determined by adding a few drops 


of 2 M NaOH to an aliquot of each fraction and checking for the forma- 


tion of a yellowish precipitate. Fractions containing Hg are indicated 


by hatch marks. Fractions containing Hg-UTP (fractions 11-28) were 


pooled. 
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J Figure 7. Spectra of UTP and Hg-UTP solutions (50 ug/ml in 10 m Tris, 


gn 7.5). 
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concentrations of LiCl (Randerath and Randerath, 1964) enables one to 
distinguish the mercurated compound from the non-mercurated compound. 
Mercurated UTP does not migrate significantly from the origin under. 
these conditions. The addition of mercaptoethanol to the sample 
increases the siactrotheretic mobility to 85-90% of that of the non- 
mercurated compound. When the mercurated product was analyzed in this 
way, it was apparent that virtually all of the UTP had been mercurated, 

| and that none of it was degraded to the di- or monophosphate form. 


C. Preparation of Chromatin 


Chromatin was prepared from nuclei which had been purified in the — 
presence of sucrose and divalent cations as stabilizers. Again, attempts 
doit ‘ued to treat the chromatin as gently as possible so “ minimize 
perturbations of the system. To lyse the nuclei —_ solubilize the 
chromatin, the nuclear pellet was resuspended in 10 mM Tris, pH 8 and 
sheared at very low pressures (1000 psi) in a French pressure cell. 

This produced seven fragments with DNA of double stranded molecular 


6 


weight up to about 14x10° daltons (25,000 base pairs) as shown in Figure 


8. 


D. Transcription of Chromatin 


Chromatin was transcribed under resembling 
the physiological state (Astrin, 1975), that is, salt concentrations 
were set at 150 mM. Under these conditions, synthesis continued for 4 
hr and produced large amounts of in vitro transcript. Figure 9 shows 

the amount of RNA synthesized in 3 hr from Drosophila DNA or chromatin 


at increasing polymerase/ template ratios. No Hg-UTP was added in this 


experiment and 5 uCi/ml of H-CTP (23 Ci /mmole) was added as a tracer. 


The data show that DNA is transcribed with higher efficiency than is 
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Figure 8. Size distribution of DNA in chromatin (upper curve). Scan of 


a photograph taken from a 0.9% agarose gel stained with ethidium bromide. 
Eco Rl endonuclease fragments of lambda phage DNA were used as size mar- 


kers (lower curve). 
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Figure 9. In vitro transcription of chromatin (@) and DNA (0) at 25°C 


with increasing amounts of E. coli RNA polymerase. After three hours 


3 


of incubation, the reaction mixture (containing 5 wCi/ml H-CTP) was 


precipitated with 5% TCA and the precipitable radioactivity was deter- 


mined. 
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chromatin and that maximal transcription is achieved at a mg polymer- 
ase/template ratio of 0.8 for dhrtiintes. This was therefore the level 
of enzyme used for further experiments. The in #itro transeription 
kinetics from Drosophila DNA and chromatin using polymerase/template 
ratios of 0.8 and 4 mM ATP, GTP, CTP, 1 mM UTP and 5 uCi/ml "H-CTP are 
illustrated in Figure 10. Under these conditions the reaction proceeded 


for 4 hr and yielded about 0.6 mg RNA for each mg chromatin and more 


than twice as much from DNA. It appears from the length of time during 


which the reaction occurs, that chain reinitiation is occurring in 


vitro. An experiment in which chromatin was incubated in a reaction 


mixture in the absence of E. coli RNA polymerase, showed that the endo- 


genous enzyme remained active for about 30 min and synthesized about 30 


ug RNA per mg chromatin, a negligible amount relative to that synthesized 


in the presence of the E. coli enzyme. 
Substitution of Hg-UTP for UTP in the reaction mixture reduced the 


extent of RNA synthesis with either DNA or chromatin as template. This 


result is in agreement with the results of Dale and Ward (1975) who 


reported a similar effect using polya(A-T) as a template. The amount of 
RNA synthesized after 4 hr with He-UTP as a precursor was about 0.4 to 
0.5 mg per mg template in the case of chromatin and stout 2 mg per mg 
template in the case of DNA. 


The kinetics of transcription with L-cell chromatin as template is 


shown in Figure 11. The reaction mixture contained 1 mM Hg-UTP and 5 


uCi/ml 3y-cTP, About 0.5 mg RNA was synthesized from L-cell chromatin 
in 4 hr when transcription was performed either at 37°C or 25°C. Unsheared 


chromatin was liberated from nuclei by homogenizing gently in a Dounce 


homogenizer in 10 mM Tris, pH 8, and also transcribed. In this case 
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Figure 10 - Kinetics of in vitro transcription at 25°C from Drosophila 
chromatin or DNA. ATP, GTP, and CTP were 4 mM, 5 uCi/ml 3y-CTP. DNA 
template, 1 mM UTP (A); DNA template, 1 mM Hg-UTP (A); chromatin tem- 


plate, 1 mM UTP (@); chromatin template, 1 mM Hg-UTP (0). 
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Figure 11. Kinetics of in vitro transcription from L-cell chromatin. 


ATP, GTP and CTP were 4 mM. Hg-UTP was 1 mM. 5 uCi/ml 34-CTP was 


added. Chromatin template transcribed at 37°C (X); chromatin template 
transcribed at 25°C (@); unsheared chromatin template transcribed at 
37°C (A); endogenous enzyme activity from chromatin template at 25°C 


or 37°C (@). 
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transcription was reduced and produced 150 ug RNA per mg template in 4 
hr.. Ho sninmces poleenens activity could be detected either at 25°C 
or wt 37°C. The nucleic acids extracted from the reaction mixture after 
b ie incubation were freed of poutine triphosphates by loading on a 50 
ml Sephadex G-50 column equilibrated in TNE (10 mM Tris, pH 7.3, 0.1M 
NaCl, 1 mM EDTA). Two ml of sample were loaded. A typical elution 
pattern is shown in Figure 12. The fractions in the void volume were 
with ethanol. This precipitate was resuspended 
in 1 ml TNE and loaded onto a ih ia tials sini 6B column as described 
in Materials and Methods. A typical elution profile for an in vitro 
transcript synthesized in the presence of Hg-UTP and 34-CTP is shown in 
Figure 13. The nucleic acids which did not contain mercury were washed 
off the column and appeared in the first few fractions. Some mercury | 
containing aerial did not bind to the resin as could be shown by 
rechromatography. This may be due either to a slow displacement of the 
mercury bound 2-mercaptoethanol by the sulfhydryl groups of the resin or 
o. es een effect. The portion of the RNA which did not bind to 
the column varied between 10 and 40%. The RNA which bound and which 
could be eluted with 2-mercaptoethanol was ethanol ctehtnees and 
applied to a 15-30% sucrose gradient for size determination. As shown 
in Figure 14, this RNA sedimented with a peak “ about 55S although a 
major fraction was greater than 10S. haloes binding of unmer- 


curated RNA was negligible (see Table I). 


E. Hybridization of L-Cell Transcripts to Satellite DNA 


Several hybridization experiments were performed using RNA trans- 


cribed from L-cell chromatin and satellite DNA as a probe. These exper- 


iments allow a direct comparison to be made between this set of condi- 
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Figure 12. G-50 elution protize of the in vitro synthesized transcript 
from L-cell chromatin. Transcript a. synthesized from 0.) mg chromatin 
inal ml reantion containing 4 mM each of ATP, GIP and CTP, 1 mM Hg-UTP, 
and 5 ywCi/ml 3y-CTP. Nucleic acids were extracted and precipi- 
tated (see Materials and Methods ). The precipitate was resuspended in 
1 ml TNE and applied to a 50 ml Sephadex G—50 siuiin.. 2.59 ml fractions 


were collected. ODj¢, (OQ); TEA precipitable radioactivity (X). 
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Figure 13. Chromatography of 3H-CTP labeled in vitro synthesized RNA 


containing Hg-UTP on a sulfhydryl-Sepharose 6B column (3 ml). The arrow 
indicates the beginning of the elution with TNE + 0.1 M 2-mercaptoethanol. 


Fractions of 1 ml were collected and the TCA precipitable radioactivity 


was determined. 
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Figure 14. Size distribution of the in vitro synthesized RNA from 


chromatin after purification on sulfhydryl-Sepharose 6B. 
labeled RNA was loaded on a 15-30% sucrose gradient in 10 mM Tris-HCl, 


pH 7.4, 100 mM NaCl, 1 mM EDTA, 0.5% SDS, in a SW4O rotor and centri- 


fuged at 25,000 rpm for 15 hr at oh°C, Reading from left to right 


the arrows indicate the positions of 5S, 19S and 26S ribosomal RNA 


from Drosophila run in a parallel gradient. 
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TABLE I: Functional Test of Sulfhydryl-Sepharose 6B Column 


34-non-polyadenylated 
RNA + unlabeled in 


Preparation 3H-Ribosomal | vitro synthesized 

applied to RNA mercurated RNA 203 

the column | | | 1:1 ratio : Hg 

Percent not 9h Ga 2 

retained 

with TNE + 2- 
mercaptoethanol 

Percent remaining Undetectable undetectable 0.7 
in column | 


34-ribosomal RNA (8x10? 


5 


cpm), 3H-polyA- nuclear RNA (43.8x10~ cpm) 


mixed in 1:1 ratio with unlabeled in vitro synthesized mercurated RNA 


or 203 16 (New England Nuclear, 7.6x10° epm) in TNE were located on a 


1 ml sulfhydryl-Sepharose 6B column and incubated for 30 min. The 
unbound material was washed off with 20 volumes TNE and the bound 
material was eluted with TNE + 0.1 M 2-mercaptoethanol. Total (in the 


203 


case of ~°~Hg) or TCA precipitable radioactivity was determined in the 


combined fractions. 
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tions for the isolation and transcription of chromatin and the earlier 
set of conditions described in part I. Figure 15 shows the hybridiza- 


tion kinetics of the labeled probe with the in vitro transcripts. 


Again, the DNA transcript hybridizes with kinetics which suggest that 


transcription was random. The transcript from chromatin hybridized with 


slower kinetics, being displaced some 5-fold to higher Rot values. 


Therefore, satellite sequences represent about 2% of the in vitro transcript. 


Figure 15 also shows that transcripts synthesized at 37°C or 25°C con- 
tain approximately the same amount of satellite sequences. 


Other possible sources of artifact are the Shearing process to 


++ 
which chromatin is subjected, and the presence of Mn _ , which has been 


reported to cause incorrect initiations of yeast polymerase I on ribo- 
somal DNA (van Keulen et al., 1975; Hager et al., 1976). Therefore, it 


was interesting to determine if either of these treatments was respon- 


sible for the level of satellite transcription observed in vitro. 


Chromatin was prepared and transcribed as usual except that MnCl, was 


2 
omitted from the transcription reaction mixture. Figure 16 shows that 
the kinetics of hybridization of transcript synthesized under these 
conditions is similar to those of transcript synthesized under the usual 


conditions, containing MnCl Figure 16 also shows that transcript 


synthesized from unsheared chromatin, that is, chromatin produced. by 
homogenizing the nuclei in 10 mM Tris, pH 8, produced a transcript which 


had similar amounts of satellite sequences. Therefore, it appears that 


_ although negligible amounts of satellite sequences are detectable in in 


vivo RNA's, there is a low but reproducible level detectable in in vitro 
transcripts produced under a variety of conditions. These results are 


summarized in Table II. 
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Figure 15. Hybridization kinetics of 3H-thymidine labeled satellite 


heavy strand with L-cell DNA transcript (A), with chromatin transcript 
synthesized at 25°C (X), and with chromatin transcript synthesized at 


37°c (@). 
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Figure 16. Kinetics of hybridization of satellite heavy strand with 


transcript from unsheared chromatin ( @ ), and with transcript synthe- 


++ 
sized in the absence of Mn (X). 


63 
| 


| OL z-Ol ¢ OL. 


x 


IWN 


64 
x 
| oc 


TABLE II: Amount of Satellite Sequences Found in Various RNA and 


DNA Preparations 


DNA or RNA 
Preparation 


Transcription 


% Satellite Sequences 
conditions 


1. Total DNA 


2. DNA transcript 


3. DNA transcript 


4. Chromatin 
transcript 


Reconstituted 
chromatin’ 
transcript 


6. Unsheared 
chromatin 
transcript 


7. Chromatin 
transcript 


8. Chromatin 


transcript 


9. Endogenous 
chromatin RNA 


' Astrin (1975) + Hg-UTP 


37°C | 
Astrin (1975) + Hg-UTP 2% 
37°C 
Astrin (1975) + Hg-UTP ° 2% 
Astrin (1975) + Hg-UTP 
25°C 
‘Astrin (1975) + Hg-UTP 2% 
minus Mn” * 
<0.01% 


10. Total L-cell RNA 


(10% 


Axel et al (1973) 10% 
37°C 

Astrin (1975) + Hg-UTP 
37°C 


Axel et al. (1973), 37°C 2% 


7 <0.001% 
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In order to investigate the possibility that the levels of aberrant 
transcription of satellite sequences were due to the high levels of 
enzyme used during transcription, mouse chromatin was transcribed using 


lower enzyme/template ratios (mg/mg). Transcripts were prepared using 


ratios of 1 to 1,.0.5 to 1, 0.1 to 1, and then were hybridized to satellite 


DNA. Hybridization of total mouse DNA to satellite DNA was used as a 
control. Figure 17 shows an experiment in which different amounts of 
transcript are hybridized to equilibrium with a constant amount of sa- 


tellite DNA. The initial slopes of the curves give an indication of 


' the proportion of satellite sequences in the RNA or DNA. it is evident 


from the figure that satellite sequences represent a lower proportion 


of the sequences in the transcripts than in total DNA and that as the 


‘level of enzyme to template is reduced, so also is the proportion of 


satellite sequences in the in vitro transcript. Therefore it appears 
that at least some of the aberrant transcription seen in these studies 
es to the high levels of aimee used, a condition which would result 
in the utilization by the enzyme of weaker, secondary initiation sites 


such as could be found in satellite regions. 


F. Hybridization of Drosophila Chromatin Transcripts to cDNA 


In order to obtain a general picture of the fidelity of chromatin 
transcription by E. coli RNA polymerase, I characterized the in vitro 
transcription product from Drosophila chromatin or DNA using a cDNA copy 


to poly(A)-containing nuclear RNA. This probe represents most of the 


RNA sequences transcribed in Schneider's cells (Levy W. et al., 1976) 


and therefore offers a general assay for fidelity. 
Several hybridization experiments were performed with RNA trans- 


cribed in vitro from Schneider's cell chromatin and DNA. Figure 18 shows <> 
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Figure 17. Hybridization of 3y-thymidine labeled satellite heavy strand 


with mouse L-cell DNA or with transcripts synthesized at various ratios 


of enzyme to template (mg to mg). Various amounts of each transcript 
preparation or DNA were incubated with a constant wicant of heavy strand | 
until the hybridization had reached completion. The amount of H wre 
in hybrids was then determined by Sl digestion as described in Materials 
and to DNA (X)3 to at 
enzyme to. template ratio of 1 tol (9); transcript synthesized at 


enzyme to template ratio of 0.5 to 1 (A); transcript synthesized at 


enzyme to template ratio of 0.1 tol ( @). 
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the kinetics of hybridization with the cDNA probe. The kinetics of 
hybridization of this cDNA probe with its own template is included for 
comparison. The in vitro transcript from chromatin reacted with the 
cDNA probe to the same extent as did polyadenylated nuclear RNA, im- 
plying that E. coli RNA polymerase had transcribed all of the sequences | 
represented by the probe. However, the reaction of the i vitro trans- 
cript was slower by about a factor of 10 compared to the reaction with 


the in vivo poly (A)-containing nuclear RNA, indicating a dilution of 


_ those sequences with others not present in the probe. The relatively 


small size of the transcript would also tend to produce slower kinetics 
relative to the in vivo RNA. Taking 6S to be the size of the transcript 


(see Fig. 14) and 11S to be the size of the poly(A)-containing nuclear 


RNA (Levy W. et al., 1975), we can calculate that the difference in 


molecular weight to be about a factor of 10. As shown by Wetmur and 
Davidson (1971), the rate of hybridization is proportional to molecular weight 
Therefore the difference in rates between in vivo and in vitro RNAs 
could differ by as much as a factor of 3. 

The on of hybridization of the in vitro DNA transcript with the 
cDNA was displaced by a further factor of two to three. While all 
sequences present in the probe were transcribed from naked DNA, they 
make up a smaller proportion of the total than in the case of the chromatin 
transcript. Thus DNA is a less restricted template than is cremate. 

The complex hybridization kinetics for —e in vitro 
transcripts, spanning several log units, implies a broad frequency 
distribution of sequences in the population. Some sequences both in 


vivo and in vitro are present much more frequently than are others. The 


| E. coli RNA polymerase seems to select some sequences for transcription 


Figure 18. Kinetics of the hybridization of cDNA made from Drosophila — 


| polyadenylated nuclear RNA to its own template (0), to RNA synthesized 


| in vitro from chromatin (A) and from DNA ( g). 
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more often than others, and it is interesting to ask whether this selec- 
tivity is related to in vivo sbundanee. In order to determine whether 
sequences which are abundant in vivo are the same ones which are abun- 
dant in vitro, 4 coms probe which had been fractionated to represent 
frequent and infrequent ‘sequences in nuclear RNA was hybridized to in 
vitro transcript. Figure 19 shows the hybridization of these probes 
with total nuclear RNA. The probe enriched ik bel sequences 
(frequent cDNA) reacted much more rapidly with nuclear RNA than did the. 
probe which was enriched for infrequent isin (infrequent cDNA). 
This result therefore kadai thé successful fractionation. Figure 19 
also shows the hybridization kinetics obtained when the in vitro chromatin 
transcript was used to drive the two probes. A similar displacement 
between the two curves was obtained, indicating that E. coli polymerase 

has preferentially transcribed those sequences in chromatin which are 
‘es represented by the most abundant RNA in the cell nucleus. : 

This degree of preferential transcription is not: observed when 
naked DNA is transcribed as tllustrated by earn 20 and 21. Figure 20 
shows the hybridization kinetics of total cDNA or frequent cDNA with in 
vitro chromatin transcript. A 10-fold displacement between the two 


obtained, indicating that the sequences represented by the 


curves is 
frequent probe hybridize 10 times faster than the bulk of the sequences 
in the in vitro chromatin transcript. Figure 21 shows the hybridization 
kinetics of total cDNA or frequent cDNA with in vitro DNA transcript. 


In this case, only a 3-fold displacement between the two curves is 


obtained, indicating that the sequences represented by the frequent 


probe hybridize only three times faster than the bulk of the sequences 


in the in vitro DNA transcript, that is, that their frequency is only 
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Figure 19. Hybridization kinetics of the fractionated cDNA probe to 


different RNA populations. Probe enriched in frequent sequences hybri- 


dized to total Drosophila nuclear RNA (0), to in vitro chromatin trans- 


cript (A); probe enriched in infrequent sequences hybridized to total 


nuclear RNA (A) and to in vitro chromatin transcript (@). 
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Figure 20. Kinetics of hybridization of in vitro Drosophila chromatin 


transcript to cDNA complementary to poly(A)-containing nuclear RNA (@) 


and to cDNA enriched in frequent nuclear sequences (0). 
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Figure 21. Kinetics of hybridization of in vitro Drosophila DNA trans- 
eript to cDNA complementary to poly(A)-containing nuclear RNA (@) and 


to cDNA enriched in frequent nuclear sequences (0). 
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some 3-fold greater than the average frequency of sequences in the total 
population. It appears from this result that some vestiges of prefer-_ 


ential transcription by E. coli RNA polymerase remain when naked DNA is 


transcribed, but this can be attributed to gene dosage effects. That 


is, most of the sequences in the DNA transcript which hybridize rapidly 


come from sequences which are repeated in the genome. That this is the 
is aticam by comparing the kinetics 
of the probes when they are hybridized to DNA (Levy W. and McCarthy , 

1976; new W. et al., 1976). About a 3-fold displacement of the curves 


is obtained. The much larger displacement seen in the case of the 


chromatin transcript cannot be explained in this way, indicating that 


the chromatin transcript is much more representative of the in vivo 
frequency distribution than is the DNA transcript. 


G. Hybridization of Drosophila Transcripts to Nuclear RNA 


In order to examine the aymeetry of in vitro transcription, an 
excess of in’vitro transcript was hybridized to labeled total nuclear 
RNA. As shown in Figure 22, the transcripts from chromatin and DNA both 
contain sequences which hybridize, that is, sequences from the strand 
not transcribed in vivo. The observed hybridization of the transcripts 
to nuclear RNA is not due on eebtuiiintion of the nuclear RNA or to DNA 


contamination. Due to the low frequency of these wrong strand trans- 


-ecripts in the total RNA population, these hybridizations could not be 


driven to completion. However, when compared to the hybridization 


kinetics with the cDNA probe, these curves are shifted to higher Rot 


values, suggesting that E. coli polymerase has preferentially trans- 
cribed the correct strand. It is possible to make an approximate com- 


parison between the hybridization kinetics for DNA-RNA reactions and 


aa 


> 
19 

= 
j 


Figure 22. Hybridization kinetics of labeled total Drosophila nuclear 


RNA to in vitro chromatin transcript (0), in vitro DNA transcript ( ®), 


total unlabeled nuclear (A) and cytoplasmic RNA (@). 
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RNA-RNA reactions. Bishop et al. (1974) have found that the Rt 


for 


hybridizing a+8 globin message (complexity 4x107) to its cDNA is 6x07". 


1/2 


Obinata et al. (1975) have obtained a relationship between the complexity 


of an RNA and the Rt, ,, for hybridization to its cDNA copy made by Q8 


1/2 
replicase. An RNA species of m.w. 5x10? would anneal to its cRNA with a 
Rot of about 3x107>, which is slower than the corresponding DNA-DNA 


reaction by a factor of 5. Therefore a 20-fold displacement between the 


-¢cDNA curves and the nuclear RNA curves, actually represents a 4-fold 


difference in sequence concentrations. Sequences complementary to 
nuclear RNA are therefore present at about 25% the level of sequences 
complementary to cDNA. Also included in Figure 22 are control experiments 


in which the driver was nuclear or cytoplasmic RNA. Very little hybri- 


dization occurred, confirming that in vivo RNA is asymmetrically trans- 


cribed. 


H. Summary of Results 


I have shown that all of the sequences transcribed ‘shai an also 
represented in the in vitro transcripts from both chromatin and DNA of 
ant that the relative abundance of indi- 
vidual sequences is preserved in vitro when chromatin is transcribed but 
not when DNA is transcribed. It is clear that E. coli RNA polymerase is 
paar Ae some preference as to which sequences are transcribed. Never- 
theless, some ns transcription is detectable. A considerable 
amount of icine strand transcription is evident when Drosophila 
chromatin is transcribed and some normally repressed satellite sequences 


are detectable when mouse L-cell chromatin is transcribed. 
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from which the chromatin is isolated. 


D. DISCUSSION 


The mechanism by which chromosomal components conibtine with DNA to 
effect transcriptional regulation is basic to our widerstandine of gene 
expression in eucaryotes. Structural and functional studies on chro- 
matin depend on our ability to isolate chromatin in a state which re- 
tains the transcriptional regulatory properties of the in vivo state.’ 
With this in. mind, numerous studies have been conducted which attempt to 
characterize the fidelity of chromatin transcription in vitro. The 
results of these studies leave little doubt that both E. coli and 


mammalian RNA polymerases exert some preference as to which sequences 


are being transcribed. This conclusion was reached following the demon- 


stration of tissue specific restriction of transcription in isolated 
chromatins of various organisms using filter hybridization techniques 
(Paul and Gilmour, 1968; Tan and Miyagi, 1970; Smith et al., 1969; 
Bekhor et al., 1969; Huang and Huang, 1969). These results were corro- 
borated by subsequent experiments in which the presence or ain of a 


specific well defined sequence in the in vitro transcript was shown to 


correlate well with the source of the chromatin (Paul et al., 1973; Axel 


et al., 1973; Steggles et al., 1974; Shih et al., 1975; Astrin, 1973; 
Astrin, 1975; Stein et al., 1975; Janowski et al., 1974; Smith and 


Huang, 1976; Harris et al., 1976; Tsai et al., 1976). Thus, for example, 


globin mRNA sequences are present in the transcript of erythroid but not 


non-erythroid cell chromatin, and histone sequences are transcribed in 


vitro with an efficiency which depends upon the stage of the cell cycle 
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Nevertheless, these and the earlier studies suffer from certain 
limitations in interpretation. The filter hybridization rere Po were 
performed under conditions which permit detection only of RNA sequences 

_ synthesized from reiterated regions of DNA and present in large amounts , 
and furthermore they provide as to the 
identity of the transcript. Studies which probe for an identifiable 
sniialinsia in the heed. give precise information about the sequence 
in question, but clearly leave the majority of,the transcript unchar- 
etnias: Indeed, it appears that at least some of the uncharacterized 
portitne war contain sequences resulting from aberrant transcription. A 
considerable amount of wrong strand transcription has elie iabaiies 
(Reeder, 19733 Astrin, 1973; Wilson et al., 1975a,b), some normally non- 
transcribed iunek ts detectable from 5S or ribosomal genes’ (Reeder, 
1973) and some non-transcribed satellite sequences are detectable (Reeder, 

_ 1973). 

The present experiments were viibartehen in an attempt to resolve 
some of the questions remaining concerning the fidelity of in vitro 
transcription. | A probe which represents a seieatitniia fraction of the 
sequences produced in vivo (Levy W. et al., 1976), namely, a cDNA copy 
of Schneider's cell nuclear poly (A)-containing RNA, was used to monitor 

overall transcriptional fidelity. The infidelity of in vitro trans- 
cription was monitored using a nuclear RNA for anti-strand transcription 
from Drosophila chromatin, and a satellite DNA probe for satellite 
sequence transcription from L-cell chromatin. 


The initial transcription experiments were performed using L-cell 


chromatin which had been isolated following the method of Bonner et al. 


(1968) and transcribed following the method of Axel et al. (1973). An 
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attempt was made to use extremely gentle conditions in the isolation of 


chromatin and to follow the protocol of Sollner-Webb and Felsenfeld 


(1975) in which a chromatin gel is formed following an abrupt decrease 


in ionic strength of the nuclei. These authors report that chromatin 


_ prepared in this manner more closely resembles nuclei with respect to 


its staphylococcal digestion pattern, than does chromatin prepared from 


nuclei which are slowly swelled. The chromatin was then used within 2k 
hr for transcription experiments. The transcription conditions which 
were used kept the salt concentration very low (10 nM Tris, 1 mM MnCl, ) 
in an attempt to minimize protein exchange or Sliding. When L-cell 
chromatin was transcribed under these conditions, a low but reproducible 
level of satellite transcription occurred, amounting to pee site 
or one-fifth of the level observed when naked DNA was transcribed (Fig. 5). 
Since the hybridization kinetics suggest that the DNA transcript is 
random with respect to satellite (Fig. 4), we can say that satellite 
sequences make up 10% of the transcript from naked DNA and about 2% of 
the sequences fries caseustia. Consistent with earlier observations 
(Flamm et al., 1969) no satellite sequences were detectable in cellular 
RNA (Fig. 5). Less than 0.01% was detectable in RNA endogenous to 
chromatin and less than 0.001% was detectable in total L-cell RNA. 

er technical problem complicating in vitro transcription of chromatin 
is the presence of DNA and endogenous RNA which co-extracts with the 
transcript. Since endogenous RNA does = hybridize with satellite 
DNA, it is possible to deal with this problem by dekevatciue the endo- 
genous RNA content in each chromatin preparation and then make the 
necessary in the hybridization kinetics. However, the 


presence of DNA in the in vitro transcript is more serious, since it 
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10% satellite sequences and will hybridize. Since RNA is 
se ipa degraded by alkali, this possibility was controlled by 
digesting a portion of the purified aati preparation and — 
for remaining hybridizable material. As es in Figure 55 alkali 
treatment completely abolished indicating that purifi- 
cation of the transcript from DNA had been successful. 

It was next of interest to ask whether chromatin could be dis- 
sociated and reconstituted and retain the properties of native chromatin 
following this procedure. Clearly the feasibility of using isolated 
chromatin for in vitro studies of gene regulation ernnnbe on our ability 
to manipulate the composition of the system, and to reconstitute it from 
its components. Several lines of evidence suggest that reconstitution 
of chromatin is possible (Bekhor et al., 1969; Huang and Huang, 1969; 
Paul et al., 1973; Stein et te 1976; Park et al., 1976) but none of 
these has dealt with probes for aberrant transcription. In the case of 
satellite chromatin, one might imagine that higher order coiling resulting 
from long vane interactions would be involved in the mechanism of | 
heterochromatization and transcriptional repression, and that the complex 
interactions involved in formation might be difficult 
to reconstitute. Nevertheless, the results of Figure 5 demonstrate that 
this is not the case, that satellite sequences yescussisanh to the same 
level existed in the native chromatin. 

It was next of interest to generalize the characterization of — 
in vitro transcription by asking to what extent the overall population 
of sequences produced in vitro resembled the in vivo population. A 


cDNA copy of nuclear poly(A)-containing RNA from Drosophila cells was 


ees for this purpose. Earlier studies from our laboratory haa extensively 
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characterized the in vivo RNA populations from these cells and had shown 
that both nuclear and cytoplasmic populations were composed of a complex 
distribution of species, and that some sequences in the populations were 
represented much more frequently than were others (Levy W. and McCarthy, 
1975, 1976). This finding suggested some interesting questions concerning 
the frequency distribution of sequences transcribed in vitro. That is, 
are sequences which are frequent in vivo transcribed more frequently in 
| | 
see in this study certain technical problems had to be consi- 
dered whidipad not existed for the earlier studies on L-cell chromatin. 
First, it was necessary to synthesize in vitro very large amounts of RNA 


since the hybridization reactions needed to be carried to higher Rot 


values. Second, it was necessary to free the in vitro transcript of 


both contaminating DNA and endogenous RNA. Either. contaminant could 
hybridize to the cDNA and complicate the interpretation of the sevieh ie. 
The first problem was resolved by using the transcription system des- _ 
cribed by Astrin (1975) in which transcripton continues for extended 
periods of ‘time (up to 4 hr) and produces about 400 ug transcript per mg 
of chromatin template (Figs. 10 & 11). The salt conditions in this 
transcription system are higher than in the system of Axel et al. 
(1975) described above, but this did not seem to affect the level of 
satellite transcription when L-cell chromatin was ccniensthes 184s, 15). 
There still seemed to be a low level (about 2% of the sequences) of 
satellite sequences in the transcript. 
The chromatin preparation was modified for these experiments. The 
nuclei were prepared in the presence of sucrose and preven cations, 


conditions which tend to stabilize them. They were then subjected to an 
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abrupt decrease in ionic strength and sheared at 1000 psi. This shearing 
force is even lower than that used for the chromatin prepared by the 
method of Bonner et al. (1968) described above. 

The second problem which was shecaneiad. the need to remove DNA 
and endogenous RNA from the in vitro transcript, was resolved by using 
aevedresen UTP (Hg-UTP) in the transcription reaction mixture. As shown 
by Dale and Ward (1975), this precursor is incorporated into RNA in the 
presence of a 20-fold excess of 2-mercaptoethanol. The mercaptan is 
necessary as a mercury ligand. Without it, RNA polymerase will be inac- 
tivated. The kinetics of the RNA transcription were only slightly 
slower as compared to UTP (Fig. 10) and high yields of RNA were still 
possible. Because of the high specificity of the sab tees column 
(Table I), this RNA could be completely freed of contaminating endogenous 
RNA. In resolving this problem, however, one might argue that a new jn 
has been created, that is, the nature of the in vitro population con- 
taining the mercurated precursor may — the same as the population 
using she eaten precursor. It may be that the Km for the mer- 
curated substrate is lower, causing the enzyme to select against se- 


quences which contain large amounts of uridine in favor of sequences 


-enriched in the other bases. This is probably not the case. Beebee and 


Butterworth (1976) have shown that the Km's for He-UTP and UTP are 
comparable for RNA polymerase I from rat Lives and moreover that the 
base compositions of in vitro transcripts are the same for in vitro 
transcripts synthesized in the presence of UTP or He-UTP. 

Therefore, several experiments on mouse L-cell chromatin were con— 
ducted to compare this set of procedures for chromatin isolation and 


transcription, with the earlier set. Transcription was performed at — 
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25°C (as was Drosophila chromatin transcription) or at 37°C. Regulatory > 
proteins on chromatin might be expected to show a temperature dependence. 
As shown in Figure 15, the level of satellite sequence expression was 
the same in both jae. As shown in Figure 16, éhien Mn** was omitted. 


from the reaction mixture, no decrease in satellite sequence expression 


| 
was observed. Therefore it cannot be argued that Mn induces aberrant 


initiations. Also shown in Figure 16 is an experiment in which the 
transcript from unsheared chromatin is hybridized to satellite DNA. In 
this case, nuclei are lysed in 10 mM Tris and transcribed immediately. 


Levels of transcription are much lower in this case, but are sufficient 


| to provide enough transcript for the hybridization analysis. Again, .a 


low but significant level of satellite iveasevigtias i observed, equi- 
valent to the amount observed from sheared chromatin. ‘However, as shown 
in Figute 17, when L-cell chromatin was transcribed using lower ratios _ 
of enzyme to template, the proportion of satellite sequences in the 
transcript was reduced. This suggests that the in vitro transcription 
from chromatin regions which are transcriptionally inactive in vivo, is 
at least in part an artifact caused by the use of saturating levels of 
enzyme. Under limiting enzyme conditions, satellite regions compete 
poorly with other regions of the sient for available enzyme. Since 
satellite regions are selected against under these conditions, they 
must otter only weak initiation sites for transcription. 

Experiments were then conducted using Drosophila chromatin as tem- 
ree and cDNA complementary to poly(A)-containing nuclear RNA as probe. 


In doing this, a 10-fold shift of the Rot values was observed between 


1/2 
the hybridization curve of this probe to in vivo poly(A)-containing 


nuclear RNA and RNA synthesized in vitro from a chromatin template. 


Although most of the sequences present in the poly(A) nuclear RNA 


population were also transcribed in vitro, they appear to be diluted 


with other sequences not represented in the probe. However, the use of 


the hybridization curve of the cDNA to its own template as reference 
winmhiasten several difficulties. First, it does nit take account of 
nuclear sequences lacking poly(A) which could also be synthesized in 
vitro. Second, it must be stressed that the abundance of different RNA 
molecules in the nucleus reflects a balance between the rates of ie» 
synthesis and of processing. Since processing enzymes ‘in probably 
not isolated with chromatin, it is likely that the ere abundance of 
different sequences at the end of the in vitro transcription depends © 
only upon the relative efficiency with which they are produced by the E. 
coli.polymerase. Therefore, the hybridization kinetics of in vitro and 
in vivo RNAs with the same cDNA probe need not be the same. It can 
ua be concluded that all the sequences represented on the nuclear cDNA 
probe can be synthesized in vitro and that the proportion of the total 
population which they represent is about shies iene higher for the 
chromatin transcript than for that from DNA. If we assume that the 
transcript from DNA is essentially random, then it seems to follow that 
in this ores transcription from chromatin as template is only some three 
times better than random. 

More meaningful questions, however, can be asked regarding the 
frequency distribution of sequences produced in vitro. In the case of 
in vivo populations, it is clear that some sequences in both nies ak 
cytoplasm are present much more frequently than are others (see above). 
Therefore it is important to know whether chromosomal sites which code 
for the most abundant RNA in the cell nucleus are preferentially trae> 


cribed in the chromatin system. The use of a cDNA probe fractionated to 
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represent the most abundant sequences in nuclear RNA allows one to 
approach this question. This experiment yielded a very positive result 


in that the rate of hybridization with abundant cDNA was some hundred 


“fold greater than for the probe representing rarer sequences. Therefore 


it is clear that different sites in chromatin.are transcribed with 
relative efficiencies which differ by two orders of magnitude, and it . 


appears that this difference in efficiency is related to in vivo abundance. 


However, the formal possibility cannot be eliminated that relative 


abundance is controlled predominantly by processing rather than synthesis 


in vivo and that this correlation between in vivo and in vitro abundance 


is a fortuitous result of aberrant transcription. Nevertheless, this 


result, together with the results concerning the transcription of specific 


RNA sequences from chromatin (Paul et al., 1973; Axel et al., 1973; Shih . 


et al., 1973; Astrin, 1973; Reeder, 1973; Stein et al., 1975) implies 


that the E. coli enzyme can recognize some features of chromatin structure 


which directly relate to preferential transcription in the cell. That 


this is attributable to chromatin structure rather than DNA base sequence 
is demonstrated by the failure of the DNA transcript to drive abundant 
cDNA to a degree greater than that explicable by gene dosage effects. 

A certain low level of aberrant transerivtion ts observed when 
either L-cell chromatin or Drosophila chromatin is transcribed with E. 
coli RNA polymerase. In the case of isolated L-cell chromatin, satellite 
sequence expression from chromatin is about 20-25% of the level from 
naked DNA. When Drosophila sivcastts is transcribed, a rough calcula- 
tion suggests that the wrong strand is expressed at about 25% of the | 
level of the correct strand (see Results ). This result is in agreement 


with other reports of poor strand selection or transcription of normally 
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non-transcribed regions (Reeder, 1973; Honjo and Reeder, 1974; Astrin, 
1973; Wilson et al., 1975b). 

How can this set of conflicting reports be reconciled. On the one 
hand, using cDNA complementary either to individual mRNA's or to the 
overall population of tates RWA, it does appear that 
transcription occurs at some sites which are related to activities in 
the cell or tissue from which the divensictn ectaghennes: On the other 
hand, there is no reason to believe that the E. coli enzyme correctly 
“recognizes initiation and termination signals. Indeed, binding of E. 

coli enzyme and enzyme (Cedar, 1975). In 
addition, there can be little doubt that incorrect strand selection and 
other types of aberrant transcription occur. The most straightforward | 
explanation is that the non-homologous sash ealeerinies can recognize some , 
aspect of chromatin structure which is preserved during isolation ae 
correlated with transcriptional activity. The fact that the E. coli 


enzyme can, in addition, preferentially transcribe sequences which are 


abundant in vivo, suggests that the transcriptional capacity of a given 


region in chromatin is determined by its structure; that is, the phy- — 
sical availability of a sequence is directly related to the frequency 
with which it is recognized by foreign or homologous enzymes. Thus, 
-the more frequently transcribed sequences would be in a more open con- 
canabins. This probably explains why the E. coli enzyme, despite its 
probable failure - recognize eucaryotic control elements or initiation 
signals, has been such a useful probe for transcriptional specificity. 
The abilities of other DNA binding proteins, DNase I and DNase II, to 
attack active chromatin preferentially, would be analogous findings 


(Weintraub and Groudine, 1976; Gottesfeld et al., 1974). 
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In conclusion, these results show that the components of chromatin 


serve to restrict the transcription of DNA in a very specific manner, 


. and that isolated chromatin can be transcribed with a high degree of 


fidelity in vitro. In addition, it appears that E. coli RNA polymerase 
is able to recognize the correct sequences for transcription on both a 
qualitative and quantitative level. Some of the aberrant transcription 
which is observed seems to be due to binding of enzyme to weak initiation 
sites, and can be minimized by using lower levels of enzyme. However , 
it may be that another part of the aberrant transcription results from 
the failure of the nebeiibaieen ditt to recognize correct initiations 
and terminations on eucaryotic templates and from possible disruption of 
critical interactions between chromosomal components during chromatin 
isolation. ‘Nevertheless, it appears that most GP the essential regu- 
latory elements of chromatin are recognized in vitro, a finding which 


supports the feasibility of further studies on chromatin structure and 


transcriptional regulation. 
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